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ABSTRACT 
 Silicon (Si) and gallium arsenide (GaAs) solar cells have shown success in 
back-contact designs. However, solar cells with back contacts have not been 
implemented on copper indium gallium diselenide (CIGS). To show the advantages of 
using this type of solar cell on unmanned aircraft, data from the Puma 3 AE was used. 
Our objective was to model 144 staggered back contact (SBC) CIGS cells onto a Puma 
and prove that it would extend the flight time, all at a minimal cost to the U.S. military. 
There are four tasks to achieving this objective: calculate maximum efficiency the solar 
cell could achieve, simulate a real CIGS cell, simulate the SBC CIGS cell, and model 
144 SBC CIGS cells on a Puma while doing a cost analysis. Using a MATLAB script, 
this research calculated the ideal efficiency for a CIGS cell to be 26.72%. Using Silvaco, 
an accurate CIGS cell was simulated, based on a 3% difference in output performance 
from the real cell. A simulated SBC CIGS cell was successfully designed, which had 
a 23% efficiency. The new design had an 18% increase in power output from the 
real NREL model. Modeling 144 SBC CIGS cells on the Puma improved its standard 
1–2 hour flight time to 8–17 hours, depending on location and temperature. To install 
144 cells and equipment, the total cost was estimated at $926. This thesis determined that 
a simulated SBC CIGS cell can be made to help extend the Puma flight time, at minimal 
cost to the U.S. military. 
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The Secretary of Defense stated in the 2018 National Defense Strategy that a top 
priority for the nation is improving command, control, communications, computers and 
intelligence, surveillance and reconnaissance (C4ISR) [1]. The U.S. military has many 
assets to conduct C4ISR. However, unmanned aircraft have shown to be the most versatile 
and they eliminate the risk of death to a pilot. All branches in the U.S. military are 
beginning to incorporate an unmanned aircraft system (UAS) such as the Puma 3 AE from 
AeroVironment into their mission planning, as shown in Figure 1. Although the Puma is a 
valuable asset for short range intelligence, surveillance, and reconnaissance (ISR), due to 
its onboard battery capacity, its flight time is only a few hours. What if the Puma could 
acquire additional energy from the sun, thereby extending its flight time from two to 17 
hours? In order to achieve that goal, the best candidate to supply that energy is solar cells. 
They are lightweight, cost efficient, and can be easily integrated onto a Puma. 
 
Adapted from (clockwise from top left) [2], [3], [4], and [5].  
Figure 1. U.S. Military Using the Puma 3AE Unmanned Aircraft System. 
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The President of the United States stated in the 2017 National Security Strategy 
that achieving energy dominance and reducing greenhouse gases (GHG) are top priorities 
for the nation [6]. One way to achieve both of those goals is to invest in solar cell 
technology. The U.S. Department of Energy has the world-renowned National Renewable 
Energy Laboratory (NREL), dedicated to accomplishing energy dominance and reducing 
GHG. In 2012, NREL released a study that found that for every one kilowatt hour (kWh) 
of energy generated, coal produced 1000 grams of CO2 while solar cells made 40 grams, 
as shown in Figure 2. Most of the CO2 made from solar cells comes during the production 
stage whereas with coal it occurs in the operating stage. Overall, solar cells produce just 
4% of the CO2 coal produces. 
 
Figure 2. NREL Study of CO2 between Solar and Coal. Source: [7]. 
One of NREL current photovoltaic research areas is Si interdigitated back-contact 
(IBC) cells, which have shown high performance efficiencies above 23% [8]. The silicon 
IBC cell concept is simple: move the top metal grid (top contact) to the bottom of the cell, 
freeing up more surface area to collect sunlight, which results in higher efficiency 
(performance). Silicon makes for a great solar cell, however, there are many more materials 
used today that can benefit from the IBC concept.  
3 
A. OBJECTIVE 
With so many uncontrollable losses due to the environment (radiation and 
manufacturer handling), there is one thing we can control, and that is the metal grid (top 
contact) of the solar cell. Companies have been successful in manufacturing back-contact 
Si solar cells. Research has shown success in doing the same for GaAs; therefore, the next 
step was to perform the same idea onto CIGS. To show that the U.S. military could benefit 
from the novel design, data from the Puma was used.  
Our objective was to model 144 SBC CIGS cells on a Puma 3 AE and prove that it 
would extend its flight time, all at a minimal cost to the U.S. military. The first task was to 
calculate separately from the simulation software, the maximum efficeny the solar cell 
could achieve under ideal conditions. The second job was to simulate a real CIGS cell from 
a reputable institution like NREL. The third undertaking was to simulate the SBC CIGS 
cell, which has both contacts at the bottom. The fourth task was to model 144 SBC CIGS 
cells on a Puma to observe the improvement in endurance.  
B. PAST WORK  
Naval Postgraduate School (NPS) has produced several theses on optimizing CIGS 
cells and the Puma. Fotis [9], Columbus [10], and Katzman [11] successfully modeled 
CIGS solar cells using Silvaco. Their research focused on improving CIGS efficiency using 
optimization techniques and multi junctions. O’Connor [12] successfully modeled a GaAs 
solar cell with back contacts using Silvaco. Perez [13] obtained experimental data on the 
Puma, which he used to determine a recommend cruising speed for maximum flight time. 
All of the listed research will be combined to meet the objective of this thesis.  
C. ORGANIZATION 
The second chapter, “Background,” gives an explanation of the solar cell operation 
and details from past work. The third chapter, “Methods,” goes over the approach used in 
achieving the objective. The fourth chapter, “Results,” goes over the results of the 
calculations and simulations. The last chapter, “Conclusion,” summarizes the findings and 
gives recommendations for future research. 
4 
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II. BACKGROUND 
The first step for this research was to understand a common chart used in the solar 
cell industry called solar spectral irradiance, as shown in Figure 3. The spectral irradiance 
(W/m2/nm) provides the power density at a certain wavelength. The W/m2 term is the 
power density at that wavelength λ(nm); the m2 is the surface area of the photon emitter 
and the nm refers to the wavelength of interest [14]. 
 
Figure 3. Solar Spectral Irradiance. Adapted from [15]. 
Photons from the sun decrease in irradiance (power) the farther they get from their 
source. Once photons make it to Earth, they have to pass through the atmosphere. The 
measure of the effect of atmosphere on solar irradiance is called air mass (AM). Air mass 
zero (AM0) is the measure of solar irradiance immediately outside of the atmosphere, as 
shown in Figure 4. The AM1.5 spectrum is measured for photons entering the atmosphere 
at a 48.2o angle, which means their power is decreased compared to the AM0 spectrum 
[16]. Ideally, all photons penetrate through the atmosphere at a 90-degree angle (AM1); 
6 
however, that is not the case in most situations, which is why the AM 1.5 spectrum is 
preferred for terrestrial applications of solar cells. 
 
Figure 4. Air Mass. Source: [16]. 
The integrated solar irradiance of the AM0 spectrum is 1366 W/m2 because there 
is no atmosphere to interfere. Once photons enter our atmosphere, they begin to reduce in 
number, as shown in Figure 5. Photons reduce by 18% because of absorption from air 
molecules, water vapor, the ozone, and dust layers. Although 7% of photons get scattered 
to Earth, 3% are sent back into space. After all the losses due to angle and atmospheric 
barriers, the integrated solar irradiance for AM1.5 has been accepted to be 1000 W/m2.  
The number of solar irradiance varies through the year due to fluctuations in the 
distance of the earth from the sun. On average, the summers will provide the most solar 
irradiance. A sample measurement of annual solar energy variation for Monterey, CA is 
shown in Figure 6. 
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Figure 5. AM1.5 Photon Losses. Source: [17]. 
 
Figure 6. NREL Data on Solar Radiation. Adapted from [18]. 
8 
A. SEMICONDUCTORS 
In a semiconductor, the electron (n) and hole (p) concentrations have units of cm-3. 
In a pure semiconductor (intrinsic), n and p are equal, which is called the intrinsic 
concentration (ni). In some cases, ni is known for a semiconductor such as Si, which has a 
value of 1x1010 cm-3 at a temperature of 300K. The relationship between intrinsic, electron 
and hole concentrations in a semiconductor is given by 
 2in np= , (1) 
which becomes essential in basic calculations. The conductivity of Si can be increased by 
adding dopants such as phosphorus (P), as shown in Figure 7. Phosphorus donates four 
electrons to Si, which leaves a free electron left over because it carries five valence 
electrons. Phosphorus falls under group five of the periodic table, which are called donors, 
because they tend to donate electrons to semiconductors such as Si (group four). If the 
donor concentration ND (cm-3) is larger than ni, then n equals ND, which means the hole 










When n is much greater than p in a donor doped semiconductor, the material is n-
type. The holes are the minority carrier and electrons are the majority. If group three atoms 
like boron (B) are added to Si, holes are formed, as shown in Figure 7. Such dopant atoms 
are called acceptors because they accept electrons, and semiconductors doped with 
acceptors are called p-type; here the electrons are the minority carrier and the holes are the 
majority. If the acceptor concentration NA (cm-3) is larger than ni, then p equals NA, which 












Figure 7. Silicon Doped with Phosphorus and Boron. Source: [19]. 
The electrical conductivity σ (S/m) of a semiconductor is calculated as  
 n pq n q pσ µ µ= + , (4) 
where its electric charge q is 1.6x10-19 C and the other variables in the equation differ based 
on the material: electron mobility µn (cm2/Vs), hole mobility µp, n, and p. The conductivity 
is proportionate to the majority carrier concentration. A common graphic tool used with 
semiconductors is the energy-band diagram. The conduction band (CB) is where free 
electrons go after they are released from the valence band (VB). The VB is where stable 
valence electrons are located. The two bands are separated by the band gap energy EG (eV), 
as shown in Figure 8. 
 
Figure 8. Energy Band Diagram. Source [20]. 
Other parameters influence the semiconductor, such as likelihood of absorption of 
electrons due to their storage of charges. Since solar cells are dependent on electrons to 
function, knowing the likelihood of absorbing electrons is important, this parameter is 
called the electron affinity ꭕ (eV). Since semiconductors store electrical charges, the 
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dielectric constant, ɛr (unit less), (a.k.a. relative dielectric permittivity), plays a critical role 
in its function. 
B. PHOTON ABSORPTION 
The energy needed to generate an electron-hole pair (EHP) can be done using a 





 = = 
  .
 (5) 
The Planck constant h is 6.626x10-34 Js, speed of light c is 3x108 m/s, and the wavelength 
λ (m) will change based on the energy of the photon. Equation (5) shows the relationship, 
as well as a quick format if the wavelength stays in µm. Semiconductors can only absorb 
photons that have energy greater than their material specific bandgap EG. The energy of 
each photon is used by exciting a valence electron into the CB, which creates an EHP, as 
shown in Figure 9. Photons that carry more energy than the required EG dissipate heat. 
Photons that have less energy than the EG are not used and cannot make an EHP. 
 
Figure 9. Energy Band Diagram with EHP. Source: [10]. 
Not all photons are absorbed when they enter the semiconductor, some will refract 
or reflect. The absorption coefficient α (cm-1) determines the rate of photon absorption per 
unit distance. The absorption coefficient can be based on wavelength or EG. The α is small 
when the photon energy (eV) is less than semiconductor EG and α is large when the energy 
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is bigger than the semiconductors EG. Semiconductors that tend to have a sharp increase in 
α near the wavelength corresponding to the bandgap, such as GaAs, are called direct 
bandgap material. When a photon is absorbed by direct bandgap material, a electron is 
excited from the VB to CB without changing its electron momentum, which is beneficial. 
Semiconductors that have gradual increase in α near the bandgap wavelength, such as Si, 
are called indirect bandgap material. Indirect bandgap material require more electron 
momemtum than direct bandgap material, which is unfavorable. To excite a electron from 
the VB to CB in indirect bandgap material, absorption of a photon and emission/absorption 
of phonon is needed.  
Knowing the α of semiconductor is the first step in determining the refractive index 
of the material. The refraction index has a complex number structure, meaning it contains 
a real and imaginary component. The imaginary component (a.k.a. extinction coefficient) 








When k is combined with the real component n, the refraction index n can be calculated 
as 
 n n ik= + . (7) 
Just like α, the refraction index is a function of wavelength. Ideally, every photon would 
be used in the semiconductor (refraction), but nothing is ideal. There will be a portion that 
reflects, which is why we need to account for that in our modeling. 
C. EHP RECOMBINATION AND TRAPS 
Due to defects within the semiconductor or large radiation effects, holes and 
electrons will recombine, which reduces the number of electrons available for current 
generation in semiconductors. This process is called recombination. The time it takes for a 
hole or electron to recombine is called the recombination lifetime τ (s). Higher efficiency 
solar cells have a longer recombination lifetime while lower efficient solar cells have 
shorter lifetime. Recombination can occur due to a variety of processes. Figure 10 shows 
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three types of recombination: band-to-band, traps, and auger. Band-to-band recombination 
is common in direct bandgap semiconductors. Trap-assisted recombination happens due to 
defects within the structure for a variety of reasons, such as contamination during 
manufacturing and radiation damage from the environment. Two elements characterize 
trap-assisted recombination: cross section σ (cm2) and density of states of the trap level 
NGA/NGD (cm-3). The cross section applies to both electrons and holes, and it is the average 
cross-sectional area of the trap, indicating probability of hole and electron capture. The 
NGA/NGD (cm-3) determines the density of defects. Auger recombination occurs due to 
electron-electron or hole-hole scattering, and is common in heavily doped semiconductors. 
 
Figure 10. Different Types of Recombination. Source: [21]. 
Another parameter in semiconductors that is related to τ is called diffusion length 
L (cm). Diffusion length is based on the minority carrier of the semiconductor, meaning 
that if the semiconductor is p-type then its associated diffusion length will be noted as Ln; 
the same applies to n-type. The base equation of L is calculated as  
 L D τ= , (8) 
where D (cm2/s) is the diffusion coefficient. Diffusion coefficient is based on the minority 
carrier of the semiconductor and follows the same subscript rules as diffusion length Dn/Dp. 
Just like τ, having a large L is critical for high-performing solar cells. 
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D. PN JUNCTION 
Solar cells are PN junctions, meaning one side is p-type while the other side is n-
type. Holes on the p-type side will move to the n-type side, at the same time, electrons on 
the n-type side will move to the p-type side; this movement of holes and electrons is called 
diffusion. Due to the diffusion, negative electrical charges appear on the p-type side and 
on the n-type side, positive electrical charges. As the two charges travel to the other side, 
they recombine until they reach an equilibrium. At equilibrium, a depletion region is 
created with a potential barrier (eV) that has no electrical charge carriers. In order to move 
the electrons and holes, a forward bias voltage (eV) higher than the potential barrier needs 
to be applied, as shown in Figure 11.  
When a photon enters the solar cell (PN junction) with energy greater than the EG, 
an EHP is generated. The electric field within the depletion region helps separate the EHP. 
Placing a metal contact on top of the n-type material causes an attraction of the free 
electrons. Placing a metal contact on the bottom of the p-type material causes an attraction 
of the free holes. When the two metal contacts are connected to an electrical load, electrons 
travel from one contact to the other, where they recombine with holes.  
 
Figure 11. PN Junction. Source: [22]. 
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E. SHORT CIRCUIT CURRENT 
The short circuit current ISC (A) is a measure of net photocurrent generated in the 
solar cell under a short circuit (no-load) condition. There are two parts to the ISC, 
photocurrent IL (A) and dark saturation current IS (A). The photocurrent is the result of 
exciting an EHP within the solar cell by photons. The dark saturation current is the result 
of EHP within the solar cell without photons. To find the ideal (maximum) IL, the Solar 
Spectral Irradiance from Figure 3 needs to be converted to photon flux density using (5), 
as shown in Figure 12. After obtaining the photon flux density, the next step in obtaining 
the ideal IL is to integrate the total area in Figure 12 using  











= ∫  , (9) 
as described in [23] to produce Figure 13. One critical thing to point out from Figure 13 is 
more ideal photocurrent is obtained when EG is small. 
 
Figure 12. Photon Flux Based on Bandgap and Wavelength for AM 1.5 Spectrum 
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Figure 13. Ideal Photocurrent for AM 1.5 Based on EG. Source: [23]. 
The last part of ISC is the dark saturation current, which is calculated as  
 1 1 expp gnS C V
A n D p
D EDI AqN N
N N kTτ τ
  − 
= +        ,
 (10) 
from [23]. Putting ideal photocurrent and dark saturation current together from [23] gives 
ISC, which is calculated as  
 expSC S L
qVI I I
kT
  = −     .
 (11) 
F. POWER, FILL FACTOR AND EFFICIENCY 
The open circuit voltage VOC (V) is a measure of voltage that is generated in the 
solar cell under an open circuit (no current) condition. To determine VOC, we set ISC equal 
to zero in Equation (11) to obtain  
 ln 1 lnL LOC
S S
I IkT kTV
q I q I
   
= + ≈   
    ,
 (12) 
from [23]. When VOC and ISC are multiplied together, the power output of the device P (W) 
is obtained. Based on Figure 14, there is a maximum voltage VMAX and current IMAX that 
will produce maximum power output PMAX. 
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Figure 14. IV Curve that Determines PMAX. Source: [23]. 
Depending on the physical parameters of the solar cell, VMAX can range from 75–
90% of VOC while IMAX is 85–97% of ISC [22]. Taking the ratio of the largest rectangular 









High performance solar cells have a FF approximately at 80% [23]. The last and 
most popular factor is the energy efficiency Ƞ(%), which shows how well the solar cell 








G. FACTORS THAT DECREASE EFFICIENCY 
As temperature increases, voltage decreases by 2mV/oC which affects the overall 
efficiency, as shown in Figure 15. Due to contamination at the solar cell fabrication or 
environmental radiation damage, recombination lifetimes decrease and traps increase. The 
angle photons enter the atmosphere affects the performance of the solar cell. Due to the 
solar cells α, not all photons will be absorbed. Lastly, the metal grid on top of the device 
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blocks photons from entering the solar cell, which ultimately decreases the performance of 
the device.  
2 mV 
Figure 15. PN Junction Performance Based on Temperature. Source: [24]. 
H. SINGLE CIGS CELL 
Fotis [9], Columbus [10], and Katzman [11] conducted studies into improving the 
traditional design of a single CIGS cell, which ranged from optimization to multi-junctions 
with great success. To reduce their simulation time [9], [10], and [11] focused on cells with 
an area of 1 cm2. When they plotted their cell, a single horizontal section or “slice” of the 
solar cell would be displayed. This method has been proven accurate in displaying a solar 
cells performance and will be continued in this research.  
CIGS is a hetero-structure device, which means it has junctions between different 
bandgap materials. At the top, just below the aluminum (Al) contact (cathode), is the n-
type zinc oxide (ZnO) window layer. ZnO has an EG of 3.3 eV and is considered a 
transparent conducting oxide (TCO). Being transparent and conductive, it collects the 
carriers that are generated and then sends them up to the cathode. ZnOs large bandgap also 
allows more photons to interact with CIGS layer below. Just below the window layer is the 
buffer layer cadmium sulfide (CdS), which is n-type. CdS has an EG of 2.3 eV and its 
purpose is to tunnel photons to the CIGS layer. CdS is also the N side to the PN junction 
of the CIGS cell, which is critical to its operation. Right below CdS is the CIGS absorber 
layer which is p-type. The CIGS layer produces the majority of the carriers based on the 
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number of photons that enter the device. CIGS is composed of two materials, CuInSe2 
(CIS) and CuGaSe2 (CGS), both of which are direct bandgap semiconductors. Depending 
on the ratio of CIS to CGS, the bandgap can shift between 1.07-1.76 eV. Every solar cell 
needs an anode to work, which is where molybdenum (Mo) comes in, due to its 
compatibility with CIGS. Below Mo is soda-lime glass (SLG), the substrate, which is used 
due its efficiency and flexibility with solar cells. The general structure of a single CIGS 
cell is shown in Figure 16.  
 
Figure 16. CIGS Cell Structure. Source: [25]. 
I. GAAS BAC CELL  
The second step on improving a single CIGS cell was to study successful research 
on solar cells with back contacts. O’Connor [12] found that GaAs efficiency increased 
when he moved the top contacts to the back of the cell, just like SunPower was able to do 
with Si. O’Connor used the method of interdigitated design on GaAs, resulting a high 
efficiency of 30.3% from an original 28.8% in the AM 1.5 spectrum. Figure 17 shows 
O’Connor’s final GaAs BAC design. 
19 
 
Figure 17. GaAs BAC Design. Source: [12]. 
J. PUMA ENDURANCE IMPROVEMENT 
The last step was to apply the new design onto the Puma, which is displayed in 
Figure 1. The Puma has been studied at NPS because it completes ISR missions for the 
U.S. military; however, it does not have a long range (1-2 hours) due to its battery capacity 
[13]. Although simulation data is good in determining performance, experimental is better; 
luckily, Perez [13] was able to collect experimental data on the Puma power consumption. 
Table 1 shows power consumption corresponded to its throttle percentage value. 
Table 1. Power Requirements for Throttle Setting. Source [13]. 
Throttle Power (W) Throttle Power (W) Throttle Power (W) Throttle Power (W) 
0% 4.1 30% 19.3 55% 104.4 80% 365.2 
10% 6.4 35% 27.9 60% 138.0 85% 454.0 
15% 7.5 40% 39.8 65% 177.7 90% 628.3 
20% 9.5 45% 56.0 70% 228.6 95% 696.7 
25% 13.2 50% 77.2 75% 290.7 100% 695.5 
 
Perez determined an equation that calculates the power required by the motor based 
on the throttle percentage  
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 0.0525.82 ,TMP e=   (15) 
and overall power required by the Puma 
 , 24.8 .R T MP P= +   (16) 
Perez was able to calculate the Pumas Li-Ion polymer battery energy capacity to be 
297 Watt-Hour (Wh). Based on multiple experiments, Perez recommended the standard 
cruise and maneuvering speed change to 15 m/s, which uses 44% throttle and an overall 




The first task was to calculate the maximum ideal values of a single CIGS cell using 
MATLAB. The second task was to use Silvaco simulations to obtain a model similar to the 
real NREL CIGS cell. The third task was to keep the internal parameters from the realistic 
NREL model, and design an SBC CIGS cell. The fourth task was to model 144 SBC CIGS 
cells onto the Puma and see if the flight time is extended. 
A. MATLAB MODEL OF IDEAL SINGLE CIGS CELL  
Before using any simulation software, theoretical calculations must be done 
separately to ensure the simulation is producing realistic values. The goal is to calculate 
ideal (no defects) parameters for a CIGS cell, which are: VOC, ISC, VMAX, IMAX, PMAX, FF 
and efficiency. Windows 10 MATLAB version R2018b was needed due to the number of 
variables and data required to obtain the seven parameters. The first step was obtaining 
AM 1.5 spectrum based on wavelength; luckily, Silvaco stores a copy of AM 1.5 on every 
computer it is installed on. The next step was to convert the AM 1.5 spectrum from spectral 
irradiance to photon flux using Equation (5). Once the photon flux was obtained, specific 
parameters of CIGS were entered into a script which included: area, doping concentrations, 
gallium composition (Ga), etc. The step after the conversion was to input the EG calculation 
for CIGS from the Silvaco Atlas Manual [26], into a MATLAB script. This equation was 
used because it is the same equation Silvaco will use in all its calculations for the EG. Next, 
we used Equation (9) to take the integral of the photon flux in order to obtain the IL. Using 
Equation (10), the IS was obtained. Using Equation (12), VOC was obtained. Once VOC was 
obtained, we were able to calculate the ISC using Equation (11). Based on ideal conditions, 
VMAX (90% of VOC), IMAX (97% of ISC) and PMAX were calculated. With PMAX calculated, 
FF and efficiency were then calculated.  
B. SIMULATION OF REAL NREL SINGLE CIGS CELL 
After maximum ideal values of a single CIGS cell were obtained, we conducted 
simulations. The first step was to target a real single CIGS cell to simulate. In previous 
NPS theses an NREL single CIGS cell was never chosen to be simulated. Given the great 
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reputation of NREL in the photovoltaic industry, a high-performing cell made by them was 
chosen to be simulated. In 2008, NREL published a conference paper on its newly designed 
CIGS cell. The real CIGS cell characteristics are shown in Table 2 [27]. 
Table 2. Real NREL CIGS Cell Parameters. Adapted from [27]. 
Temperature (K) 298.15 
Efficiency (%)  19.2 
Area (cm2) 0.994 
Voc (V) 0.716 
Isc (mA) 33.20 
FF (%) 80.4 
 
A database of CIGS cell input variables was then needed. The input variables 
needed ranged from doping concentration to trap density. Former NPS students [9], [10], 
and [11] had some information when they simulated a CIGS cell, but more was needed in 
order to accurately simulate a real cell. We needed information on each layer of a simulated 
CIGS cell (ZnO, CdS, CIGS) defects, lifetimes and refraction indexes. It took some time, 
but seven journal articles on simulations of a CIGS cell were located [28], [29], [30], [31], 
[32], [33], [34]. Using the simulation input variables from the articles, we were able to 
build a range of search variables, as shown in Table 3. The goal was to conduct numerous 
simulations until the output parameters matched the real NREL CIGS cell. 
After a Excel database of input variables was ready, we then conducted the 
simulations. Windows 10 Silvaco Atlas Version 5.26.1.R was used, which is a 
semiconductor simulation software that operates on three basic equations: continuity, 
transport, and Poissons equations. Using the three equations, everything from voltage, 
current, and power can be calculated. The Silvaco software will even display the 
semiconductor in 2D or 3D. In order to build a successful model, the user must follow the 
recommended guideline in [26]. The guideline starts by building the structure, then walks 
through the material specification and ends with result analysis.More information on the 
software can be found in [9], [10], [11], and [26]. 
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Table 3. Range of Variables from Journal Articles.  
Layer N-ZnO N-CdS P-CIGS 
Thickness (µm) 0.05-1.5 0.04-1.5 1-3.5 
Doping (cm-3) 5x1017-1x1018 1x1017-2x1018 2x1016-3x1017 
Dielectric Constant 7.8-9 8.28-10 13.6 
Band gap (eV) 3.3 2.4 1.12-1.26 
Electron Affinity (eV) 4.0-4.6 3.8-4.5 4.1-4.8 
Electron Mobility (cm2/V*s) 50-160 10-350 10-300 
Hole Mobility (cm2/V*s) 5-40 1-50 5-30 
Effective Density NC (cm-3) 2.2x1018 2.2x1018-1.7x1019 2.2x1018 
Effective Density NV (cm-3) 1.78x1019-1.8x1019 2.4x1018-1.8x1019 1.78x1019-1.8x1019 
Electron Lifetime (s) 5x10-8 2x10-8 1x10-8 
Hole Lifetime (s) 5x10-9 6x10-8 5x10-8 
Trap Information 
Density (cm-3) 1x1016-1x1017 1x1015-1x1018 1x1014-1x1015 
Energy (eV) Midgap Midgap Midgap 
Electron capture cross section (cm2) 1x10-16-1x10-12 1x10-17-1x10-15 2x10-14-5x10-13 
Hole capture cross section (cm2) 1x10-15-1x10-13 1x10-12 1x10-15-2x10-14 
Adapted from [28], [29], [30], [31], [32], [33], [34]. 
After multiple simulations, the simulated model matched the real NREL CIGS cell 
output parameters (ISC, VOC, FF, Ƞ). The largest difference in output performance between 
the real and simulated NREL CIGS cell was 3%, which proves our model is accurate. 
Figure 18 shows the structure of the model achieved. The next step was to analyze the 
performance of the CIGS cell as temperature is increased. Before the temperature 
simulations could be run, additional calculations need to be done on the mobility of 
electrons and holes within each layer. Using [35], electron and hole mobility values were 
adjusted based on temperature. Using [36], CIGS experimental power versus temperature 
data was used to compare to the simulated power versus temperature. The real and 
simulated CIGS power based on temperature differed by 1.71%, which validates the 
mobility calculations were correct and provides a second proof that our model is accurate. 
The VOC decreased, as expected of PN junction, which decreased the overall efficiency. 
The simulation of a real NREL CIGS cell is accurate and functions correctly.  
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Figure 18. Model of Real NREL CIGS Cell 
C. SIMULATION OF SBC CIGS CELL 
After the target cell (real NREL CIGS) was successfully simulated, we then 
performed the SBC design. Keeping the base parameters the same (mobility, defects, 
refraction index, etc.), the only change was moving the top contact to the bottom. At first, 
we tried to replicate O’Connor’s design; however, that proved unsuccessful. Many attempts 
were made using different structures, with the goal of leading electrons down to the 
cathode. In the end, what proved to be successful was a simple cell. After getting the 
simulation to work, the next step was optimization. The thicknesses of ZnO, CdS and CIGS 
were varied until the optimal values were achieved. The lengths of CIGS layers were varied 
as well, which had a major impact on efficiency. A second layer of CIGS was created near 
the bottom of the cell which had an increased doping concentration. By increasing the 
doping concertation, an additional electric field is created which helps reduce 
recombination and increases efficiency. The extra layer is called a back-surface field (BSF) 
and it marginally increased the efficiency. The last attempt of optimization was changing 
the material of the back contacts, which showed minor improvement in efficiency. Just like 
in the simulation of the real NREL cell, the SBC CIGS cell was tested under increasing 
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temperatures in order to observe decreased VOC. The SBC CIGS cell did decrease in VOC 
due to higher temperatures, which was expected. The SBC CIGS cell functions correctly 
and is shown in Figure 19. 
 
Figure 19. Novel Design of SBC CIGS Cell 
D. MODEL PUMA WITH SBC CIGS CELLS  
After obtaining a working SBC design, we then modeled it to the Puma. The first 
step was to find out how much power the sun would provide. Keeping in mind that the 
10 regions of the world will provide various power values, a database is needed to collect 
the information. Fortunately, the NREL PV Watts Calculator can provide the annual 
average solar radiation (kWh/m2/day) of any location in the world [37]. The calculator 
takes into account DC system size, module type, array type, system losses, tilt, and 
azimuth. Even with all the variables the calculator takes into account, it does not factor the 
reduction in power when the Puma maneuvers. However, maneuvering is limited to a few 
seconds, which should not impact the overall flight time of the Puma. 
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After the annual average solar radiation data was obtained, we then modeled 
144 SBC CIGS cells on the Puma. At this point, we knew the area of the solar cell 
(0.994 cm2) and its efficiency. In Madren’s thesis [38], he determined the usable area on 
the Puma was 7821 cm2, which added up to 144 cells, each having an area of 47.4 cm2. 
However, solar cells are ordinarily sold in submodules, which contain 12 cells in series and 
have an area of 569 cm2. Madren was able to fit 12 modules onto the Puma. Knowing the 
power the sun provided to each region, surface area available on the Puma, solar cell 
efficiency, battery capacity, and power requirement during recommended cruising speed, 
a MATLAB script was generated to calculate the flight duration of the Puma. 
After determing the additional electronics needed for the Puma, weight 
considerations needed to be calculated. Based on Perez thesis [13], the Puma can handle 
up to 44.80 oz. of additional equipment before performance is affected. Perez also 
determined the total weight of the additional electronics. Based on his calculations, the 
total weight comes out to 28.46 oz. Now there is confidence that the speed and range of 
the Puma will not be affected by the solar equipment.  
As with any design, cost and lifespan performance are important. Since the new 
design of the solar cell uses the same material and does not involve complicated changes 
to its structure, it was assumed that the cost would be the same as previous single CIGS 
cells. Using Perez’s thesis [13], the total cost of incorporating all electrical components 
was calculated, which included Maximum Power Point Tracking (MPPT) equipment. With 
respect to lifespan performance, in 2015, NREL presented that CIGS cells had a 
degradation rate of 0.5% per year; this means that every year the power output will decrease 
0.5% of its original value [39]. Although degradation happens to all electronic devices, 
solar cells have an estimated 40-year useful lifespan, which is advantageous [40]. Knowing 
the lifespan of a solar cell is estimated to be 40 years, the power output of the SBC design 
will be calculated using the 0.5% degradation rate. 
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IV. RESULTS 
The first task of calculating maximum ideal values for a CIGS cell was achieved 
using MATLAB. The second task of simulating a real NREL CIGS cell was achieved. The 
third task of simulating a SBC CIGS cell was achieved. The fourth task of modeling 144 
cells onto the Puma was also achieved.  
A. MATLAB MODEL OF IDEAL SINGLE CIGS CELL 
Most of the input parameters for the MATLAB model of an ideal CIGS cell are 
shown in Table 4. These input parameters were chosen because they were the most 
commonly used in all the simulation CIGS cell articles. Keeping the values from Table 4 
constant, Ga was varied until multiple output performances were calculated for the ideal 
CIGS cell, as shown in Table 5.  
Table 4. Input Parameters for MATLAB Model of CIGS Cell 
Temperature (K) 298.15 
Area (cm2) 0.994 
Electron Lifetime (s) 1x10-8 
Hole Lifetime (s) 5x10-8 
Electron Mobility (cm2/V*s) 150 
Hole Mobility (cm2/V*s) 25 
Effective Density NC (cm-3) 2.2x1018 
Effective Density NV (cm-3) 1.8x1019 
Donor Concentration (cm-3) 2x1016 
Acceptor Concentration (cm-3) 2x1016 
 
As can be seen in Table 5, an ideal CIGS cell has a point of maximum efficiency 
when Ga is a certain value. When there is no Ga in CIGS, the ISC is at its highest (44.60 
mA) but also its lowest with respect to VOC (0.612 V). EG and VOC are linked together, 
meaning the higher the EG is, the higher the VOC will be. However, increasing the EG 
decreases ISC because of the EM spectrum that is being taken away. With fewer 
wavelengths available, photocurrent is reduced due to the decrease in the number of 
photons. The goal is to meet in the middle, obtaining enough voltage and current to get the 
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highest efficiency. After multiple runs, it appears a 0.45 Ga achieves the highest efficiency, 
as shown in Table 5. After 0.45 Ga, the efficiency decreases due to the low number of 
photocurrent available. With efficiency decreasing at 0.66 Ga, future calculations will only 
go up to the optimal 0.45.  
Table 5. Ideal CIGS Cell Performance Based on Ga 
Ga (%) 0.0 0.1 0.31 0.45 0.66 
Eg (eV) 1.06 1.12 1.25 1.33 1.45 
λ (µm) 1.15 1.09 0.991 0.929 0.849 
Isc (mA) 44.60 43.30 37.40 35.10 30.30 
Voc (V) 0.612 0.669 0.789 0.872 0.995 
Imax (mA) 43.20 42.00 36.20 34.00 29.40 
Vmax (V) 0.551 0.603 0.711 0.785 0.896 
Pmax (mW) 23.80 25.30 25.80 26.70 26.40 
FF (%) 87.30 87.30 87.30 87.30 87.30 
Ƞ (%) 23.80 25.28 25.76 26.72 26.35 
 
B. SIMULATION OF REAL NREL SINGLE CIGS CELL 
After stepping through the range of input variables in Table 3, we were able to 
successfully simulate the real NREL CIGS cell. Table 6 shows the basic characteristics 
used to simulate the real NREL CIGS cell. Table 7 shows the output performance 
comparison between real and simulated NREL CIGS cell. The largest difference in output 
performance between the real and simulated NREL CIGS cell was 3%, which validated 
that our target cell was successfully modeled.  
Table 6. Basic Characteristics for Simulation of Real CIGS Cell  
 Thickness (µm) Doping (cm-3) 
Al (cathode) 0.5 - 
N-ZnO 1.5 2x1018 
N-CdS 0.15 2x1017 
P-CIGS 2 2x1016 
Mo (anode) 0.04 - 
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Table 7. Comparison of Real vs. Simulated NREL CIGS Cells 
 Real Simulation  
AM 1.5 (W/m2) 1000 1000 
Temperature (K) 298.15 298.15 
Area (cm2) 0.994 0.994 
Isc(mA) 33.20 33.70 
Voc(V) 0.716 0.740 
FF (%) 80.4 78.23 
Ƞ (%) 19.2 19.51 
 
With the model validated, we then varied the Ga in order to observe changes in 
efficiency. All simulation runs were conducted using 300K and AM 1.5. As expected, the 
voltage increased as the current decreased. After further analysis of Table 8, it appears that 
the real NREL CIGS cell had a Ga of 0.31 due to the similar output performance values. 
As expected, a 0.45 Ga had the highest efficiency. The output performance of the simulated 
real NREL CIGS cell as Ga was varied is shown in Table 8. Using information from Table 
8, a current vs. voltage (I vs. V) plot was created for the simulation of the real NREL CIGS 
cell, as shown in Figure 20. 
Table 8. Ga Variation on Simulation of Real NREL CIGS Cell 
Ga (%) 0.0 0.10 0.31 0.45 
Eg (eV) 1.06 1.12 1.25 1.33 
λ (µm) 1.15 1.09 0.991 0.929 
Isc (mA) 35.20 34.90 33.70 31.67 
Voc (V) 0.531 0.598 0.740 0.833 
Imax (mA) 31.09 31.18 30.49 28.56 
Vmax (V) 0.450 0.510 0.640 0.730 
Pmax (mW) 13.99 15.90 19.51 20.85 
FF (%) 74.78 76.13 78.23 78.95 
Ƞ (%) 13.99 15.90 19.51 20.85 
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Figure 20. Current vs. Voltage Plot for Simulation of Real NREL 
CIGS Cell Based on Ga 
We then observed the performance of the simulated NREL CIGS cell as 
temperature was increased, while factoring reduced mobilities. All simulation runs were 
conducted using AM 1.5 and 0.31 Ga was used because it matched the real NREL CIGS 
cell performance. Just like a regular PN junction, as temperature increased, voltage 
decreased by 2mV/oC. When temperature was 25oC, VOC is 0.743V, and when the 
temperature was increased to 50oC, VOC decreases to 0.692 V. The difference of 25oC 
should theoretically be 50mV; in actuality, it came out to 51mV, which is approximately 
the same. The temperature results are shown in Table 9. 
Table 9. Simulation of NREL CIGS Cell Based on Temperature 
Temperature (K/oC)  298.15/25 323.15/50 348.15/75 
Isc (mA) 33.71 33.32 32.88 
Voc (V) 0.743 0.692 0.641 
Imax (mA) 30.23 29.98 29.15 
Vmax (V) 0.650 0.590 0.540 
Pmax (mW) 19.65 17.68 15.74 
FF (%) 78.37 76.62 74.63 
Ƞ (%) 19.65 17.68 15.74 
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 We plotted the simulated NREL CIGS cell, which is shown in Figure 21. The 
contact is on top, just like a traditional model. In order to make the model work using the 
top contact, an air layer was added to the left and right of the contact. At the bottom of the 
cell is a thin layer of Mo. The photon to electron interaction (photogeneration rate) is 
displayed in Figure 22. As expected, most of the interaction happens at the top of the cell 
and works its way down. With the top contact in place, photons are unable to interact with 
the cell down the center, which decreases the efficiency of the cell. The recombination rate 
of EHP is displayed in Figure 23. As expected, recombination occurs at the PN junction of 
the cell, with the majority occurring in the CIGS layer. The electron concentration of the 
cell is displayed in Figure 24. As expected, most of the electrons reside within n-type ZnO 
and n-type CdS. The hole concentration of the cell is displayed in Figure 25. As expected, 
most of the holes reside within the only p-type layer, CIGS. 
 
Figure 21. Simulated NREL CIGS Cell 
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Figure 22. Photogeneration Rate of NREL CIGS Cell 
 
Figure 23. Recombination Rate of NREL CIGS Cell 
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Figure 24. Electron Concentration of NREL CIGS Cell 
 
Figure 25. Hole Concentration of NREL CIGS Cell 
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C. SIMULATION OF SBC CIGS CELL 
After the simulation of the real NREL CIGS cell was successful, we focused on 
moving the top contact to the back, creating a successful model of a SBC CIGS cell after 
a lot of trial and error. The SBC CIGS cell worked, but its efficiency was low. In order to 
increase the efficiency, multiple optimization modifications were taken, such as thickness 
and length variation. Before moving to optimization, analysis of the SBC CIGS cell was 
needed based on Ga. The results of varying the Ga of the SBC CIGS cell is shown in Table 
10. The un-optimized SBC CIGS cell compared to the simulated NREL cell has a 0.11% 
increase in efficiency when Ga is set to 0.31. Next, we optimized the SBC CIGS cell, 
keeping a 0.45 Ga constant due to its high efficiency. A temperature of 300K and AM 1.5 
was used in the remaining simulations, unless stated differently. The highest efficiency 
occurred when ZnO had a thickness of 0.4 µm, as shown in Table 11.  
Table 10. Ga Variation in SBC CIGS Cell 
Ga (%) 0.0 0.10 0.31 0.45 
Eg (eV) 1.06 1.12 1.25 1.33 
λ (µm) 1.15 1.09 0.991 0.929 
Isc (mA) 37.20 36.91 35.58 33.31 
Voc (V) 0.536 0.604 0.747 0.839 
Imax (mA) 34.12 31.37 32.71 30.28 
Vmax (V) 0.40 0.50 0.60 0.70 
Pmax (mW) 13.64 15.68 19.62 21.20 
FF (%) 68.35 70.26 73.81 75.79 
Ƞ (%) 13.64 15.68 19.62 21.20 
 
Table 11. Thickness Variation of ZnO Layer 
Thickness (µm) 0.1 0.2 0.4 0.6 0.8 
Isc (mA) 33.35 33.31 33.15 32.83 32.38 
Voc (V) 0.840 0.839 0.838 0.837 0.836 
Imax (mA) 30.65 30.28 30.63 28.47 28.21 
Vmax (V) 0.65 0.70 0.70 0.75 0.75 
Pmax (mW) 19.92 21.20 21.44 21.35 21.16 
FF (%) 71.11 75.79 77.16 77.67 78.16 
Ƞ (%) 19.92 21.20 21.44 21.35 21.16 
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The highest efficiency for CdS occurred with a thickness of 0.45 µm, as shown in 
Table 12. The highest efficiency for CIGS occurred with a thickness of 14 µm, as shown 
in Table 13. The highest efficiency for p-type CIGS occurred when the p-type side was 
longer compared to the n-type CIGS side, as shown in Table 14. 
Table 12. Thickness Variation of CdS Layer 
Thickness (µm) 0.075 0.15 0.30 0.45 0.60 
Isc (mA) 33.31 33.31 33.30 33.23 33.13 
Voc (V) 0.839 0.839 0.839 0.839 0.839 
Imax (mA) 30.23 30.28 30.36 30.37 30.33 
Vmax (V) 0.70 0.70 0.70 0.70 0.70 
Pmax (mW) 21.16 21.20 21.25 21.26 21.23 
FF (%) 75.67 75.79 76.03 76.21 76.37 
Ƞ (%) 21.16 21.20 21.25 21.26 21.23 
 
Table 13. Thickness Variation of CIGS Layer 
Thickness (µm) 1.75 3.5 7.0 10.5 14.0 
Isc (mA) 32.21 33.31 33.81 33.95 33.99 
Voc (V) 0.839 0.840 0.839 0.839 0.838 
Imax (mA) 29.33 30.28 30.71 30.82 30.85 
Vmax (V) 0.70 0.70 0.70 0.70 0.70 
Pmax (mW) 20.53 21.20 21.50 21.57 21.59 
FF (%) 76.01 75.79 75.74 75.75 75.76 
Ƞ (%) 20.53 21.20 21.50 21.57 21.59 
 
Table 14. Length Variation of CIGS Layer 
Length P/N (µm) 90/410 250/250 375/125 410/90 425/75 
Isc (mA) 7.79 20.69 30.63 33.31 34.58 
Voc (V) 0.837 0.839 0.839 0.840 0.840 
Imax (mA) 6.89 19.15 27.99 30.28 31.31 
Vmax (V) 0.75 0.70 0.70 0.70 0.70 
Pmax (mW) 5.16 13.40 19.59 21.20 21.91 
FF (%) 79.20 77.27 76.20 75.79 75.47 
Ƞ (%) 5.16 13.40 19.59 21.20 21.91 
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The impact of varying the back-contact material is shown in Table 15. When both 
contacts are Al or Copper (Cu), a slight improvement occurs. The same improvement is 
noted when the back contacts are Cu/Mo or Cu/Al. There was a slight improvement in 
efficiency when the thickness of the BSF was increased to 6 µm, as shown in Table 16. 
The doping concentration of the BSF was set to 1x1018 cm-3. The basic characteristics used 
to simulate the SBC CIGS cell is shown in Table 17.  
Table 15. Back Contact Variation 
Material Both Al Both Cu Both Mo Al/Mo Cu/Mo Cu/Al 
Isc (mA) 35.06 35.05 35.03 35.04 35.05 35.05 
Voc (V) 0.838 0.838 0.838 0.838 0.838 0.838 
Imax (mA) 32.33 32.33 32.31 32.32 32.33 32.33 
Vmax (V) 0.70 0.70 0.70 0.70 0.70 0.70 
Pmax (mW) 22.63 22.63 22.62 22.62 22.63 22.63 
FF (%) 77.04 77.04 77.05 77.05 77.04 77.04 
Ƞ (%) 22.63 22.63 22.62 22.62 22.63 22.63 
 
Table 16. Thickness Variation of BSF 
Thickness (µm) 1 5 6 
Isc (mA) 35.04 35.06 35.07 
Voc (V) 0.838 0.838 0.838 
Imax (mA) 32.33 32.35 32.36 
Vmax (V) 0.70 0.70 0.70 
Pmax (mW) 22.63 22.65 22.65 
FF (%) 77.05 77.05 77.05 
Ƞ (%) 22.63 22.65 22.65 
Table 17. Characteristics for Simulation of Opt. SBC CIGS Cell 
 Thickness (µm) Doping (cm-3) 
N-ZnO 0.40 2x1018 
N-CdS 0.45 2x1017 
N-CIGS & P-CIGS 11 2x1016 
N-CIGS & P-CIGS BSF 6 1x1018 
Al (Anode) & Al(Cathode) 0.40 - 
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The final results for the SBC CIGS cell based on Ga is shown in Table 18. As 
expected, when Ga is 0.45, we achieve the highest efficiency of 22.85%. The current versus 
voltage plot of the SBC CIGS cell is shown in Figure 26.  
Table 18. Ga of Opt. SBC CIGS Cell 
Ga (%) 0.0 0.10 0.31 0.45 
Eg (eV) 1.06 1.12 1.25 1.33 
λ (µm) 1.15 1.09 0.991 0.929 
Isc (mA) 38.85 38.53 37.23 35.07 
Voc (V) 0.538 0.605 0.747 0.841 
Imax (mA) 34.25 34.39 33.72 31.73 
Vmax (V) 0.440 0.500 0.630 0.720 
Pmax (mW) 15.07 17.19 21.24 22.85 
FF (%) 72.00 73.68 76.35 77.43 
Ƞ (%) 15.07 17.19 21.24 22.85 
Figure 26. Current versus Voltage Plot of Opt. SBC CIGS Cell Based on Ga 
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Then we observed the performance of the simulated SBC CIGS cell as temperature 
was increased, while factoring reduced mobilities. All simulation runs were conducted 
using AM 1.5 and 0.45 Ga was used because it achieved the highest efficiency. Just like a 
regular PN junction, as temperature increased, voltage decreased by 2mV/oC. When 
temperature was 25oC, VOC is 0.845V, and when the temperature was increased to 50oC, 
VOC decreases to 0.794 V. The difference of 25oC should theoretically be 50mV, in 
actuality, it came out to 51mV, which is approximately the same. The new design provides 
18% more output power than the simulated real cell. The temperature results are shown in 
Table 19. 
Table 19. Simulation Results of Optimized SBC CIGS Cell 
Based on Temperature 
Temperature (oK/oC)  298.15/25 323.15/50 348.15/75 
Isc (mA) 35.08 34.62 34.12 
Voc (V) 0.845 0.794 0.743 
Imax (mA) 31.50 31.00 30.38 
Vmax (V) 0.730 0.670 0.610 
Pmax (mW) 23.00 20.77 18.53 
FF (%) 77.57 75.48 73.03 
Ƞ (%) 23.00 20.77 18.54 
The final optimized SBC CIGS cell is displayed in Figure 27. The top contact is 
moved to the bottom left corner of the cell. The CIGS layer thickness is larger than the 
traditional model. There is a small gap between the anode and cathode to prevent shorting 
the cell. The photon to electron interaction is displayed in Figure 28. As expected, 
removing the top contact allowed all the photons to interact with the cell, which validates 
the efficiency improvement. The recombination rate of EHP is displayed in Figure 29. As 
expected, most of the recombination occurs at the PN junction of the cell. The electron 
concentration of the cell is displayed in Figure 30. As expected, most of the electrons reside 
within the n-type layers ZnO, CdS, and CIGS (left side). The hole concentration of the cell 
is displayed in Figure 31. As expected, most of the holes reside within the CIGS p-type 
layers (right side). 
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Figure 27. Structure of Opt. SBC CIGS Cell 
 
Figure 28. Photogeneration Rate of Opt. SBC CIGS Cell 
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Figure 29. Recombination Rate of Opt. SBC CIGS Cell 
 
Figure 30. Electron Concentration of Opt. SBC CIGS Cell 
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Figure 31. Hole Concentration of Opt. SBC CIGS Cell 
D. MODEL PUMA WITH SBC CIGS CELLS 
The annual average solar radiation (kWh/m2/day) of the 10 regions of the world, 
using the NREL PVWatts Calculator, is shown in Table 20. 
Table 20. Annual Average Solar Radiation in All Ten Regions 
SOLAR RADIATION (kWh/m2/day) 
AFRICA 6.08 
ASIA 5.34 
CENTRAL AMERICA 6.18 
EASTERN EUROPE 2.64 
EUROPEAN UNION 4.02 
MIDDLE EAST 5.81 
NORTH AMERICA 4.75 
OCEANIA 4.24 




Knowing the solar power available in each region, surface area available on the 
Puma, solar cell efficiency, battery capacity, and power requirement during recommended 
cruising speed, flight duration was calculated. Table 21 shows the performance of the Puma 
when the temperature is 25oC, which means the cells would be 23.00% efficient. The region 
that had the highest flight time was Central America, while Eastern Europe had the lowest. 
The same calculations from Table 21 are shown in Table 22, except it is using an 18.54% 
efficient solar cell due to its higher operating temperature of 75oC. As expected, all flight 
durations were decreased due to the decreased efficiency of the solar cell. 
Table 21. Performance of Puma at Temp 25oC 
 Solar Power (Wh) Flight Time (Hours) 
AFRICA 1094 17.17 
ASIA 961 15.52 
CENTRAL AMERICA 1112 17.39 
EASTERN EUROPE 475 9.52 
EUROPEAN UNION 723 12.59 
MIDDLE EAST 1045 16.56 
NORTH AMERICA 854 14.21 
OCEANIA 763 13.08 
SOUTH AMERICA 790 13.41 
CARIBBEAN 1038 16.48 
Table 22. Performance of Puma at Temp 75oC 
 Solar Power (Wh) Flight Time (Hours) 
AFRICA 882 14.55 
ASIA 774 13.22 
CENTRAL AMERICA 896 14.73 
EASTERN EUROPE 383 8.39 
EUROPEAN UNION 583 10.86 
MIDDLE EAST 842 14.07 
NORTH AMERICA 689 12.17 
OCEANIA 615 11.26 
SOUTH AMERICA 637 11.53 
CARIBBEAN 837 13.99 
 
43 
The new design uses the same material and does not involve complicated changes, 
so it is assumed the cost would be the same as traditional CIGS cells. Madren [38] 
calculated that a submodule of CIGS cost $18 from Global Solar Energy. Using Perez 
calculations [13], the total cost of incorporating all the electrical components, not including 
labor or installation expenses, is displayed in Table 23. 
Table 23. Cost Analysis of Installing Photovoltaic System onto Puma 
Component Quantity Price ($/ea.) Subtotal ($) 
Solar Submodule 12 18 216 
MPPT 4 150 600 
Battery Balancer 1 30 30 
Misc. Hardware 1 80 80 
Total Cost - - 926 
 
The lifespan performance of the 144 solar cells on the Puma over 40 years is 
displayed in Table 24. The calculations are based on a temperature of 25oC and AM 1.5 
spectrum. Voltage stays the same regardless of how big the solar cell gets; however, when 
cells are connected in series, cell voltages are added together. When the area of the cell 
increases, so does the current. Regardless of the number of cells, the current output for a 
given cell area remains the same. The first calculation involved an area of one cell (47.4 
cm2), instead of the simulated 0.994 cm2. The second calculation added up all the voltages 
of the 144 cells. Using the 0.5% per year degradation, future performance values were 
calculated up to 40 years. Since most solar submodules base their power ratings on VMAX 
and IMAX, VOC and ISC were not calculated. Even after 40 years, the Puma would meet the 
81W requirement.  
Table 24. Lifespan Performance of Optimized SBC CIGS Cell 
Time (Years) 0 10   20 30 40 
Vmax (V) 120.45 114.43 108.71 103.27 98.10 
Imax (A) 1.49 1.42 1.34 1.28 1.21 
Pmax (W) 179.47  162.49 146.65 132.19 118.7 
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V. CONCLUSION 
The objective of this research was achieved. The Puma theoretical flight time was 
extended at minimal cost to the U.S. military with the addition of 144 SBC CIGS cells to 
the upper surface of the aircraft wings. Although the SBC CIGS were modeled on the 
Puma, they are not limited to that specific platform. The SBC CIGS cells can be applied to 
other military platforms as well as civilian commercial products.  
Due to CIGS changing EG, MATLAB became critical in identifying ideal (no 
defects) performance values. A MATLAB script was built to pull information from the 
AM 1.5 spectrum so IL could be calculated. Then specific material constants from CIGS 
were put into the script (τ, µ, D, etc.) as well as dimensions of the cell; since it is ideal, no 
trap information was included. Using common semiconductor equations, a 0.45 Ga 
achieved the highest efficiency of 26.72%.  
With ideal values in mind, the next step was to simulate a real NREL CIGS cell. 
Using seven articles on simulated CIGS cells, internal parameters (ꭓ, µ, ɛr, etc.) were put 
into the Silvaco simulation software. After a lot of trial and error, the real NREL CIGS cell 
was successfully modeled. The largest difference in output performance between the real 
and simulated NREL CIGS cell was 3%, which validated that our target cell was 
successfully modeled. 
Using the realistic NREL CIGS cell simulation, we then moved the top contact to 
create the SBC CIGS cell. Replicating O’Connor’s design did not work on CIGS as it did 
with GaAs. After many complicated structures failed, surprisingly enough, a simple one 
did. Once the structure was working, a few optimization techniques were used to increase 
the efficiency. The SBC CIGS cell achieved a 23.00% efficiency after optimization was 
complete. Using the optimized SBC CIGS cell, the power output increased 18% from the 
modeled real cell.  
Using SBC CIGS cells, the flight time of the Puma would increase based on the 
experimental data Perez acquired in his thesis. Since the Puma can be operated anywhere 
in the world, it was important to find the annual average solar radiation in all 10 regions. 
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Taking into account the battery capacity of 297Wh and 81W power requirement from Perez 
[13], flight time was extended for all regions. Modeling 144 SBC CIGS cells on the Puma 
improved its standard 1-2 hour flight time to 8-17 hours, depending on location and 
temperature. The total cost of incorporating all electrical components onto the Puma would 
be $926 [13]. Lastly, we discovered that in 40 years, the SBC CIGS cells would degrade 
from providing 179.47W of power to 118.70W, which is more than enough to cover the 
81W power requirement.  
The SBC CIGS cell is a novel design that can reduce cost and has the potential for 
other applications. By moving the top contact to the bottom, the manufacturer does not 
worry about placing a metal on top of the ZnO layer. It was proven that the same metal 
(Al/Cu) can be used for both the anode and cathode. Although the air platform Puma was 
the main focus of the research, the SBC CIGS cell could be used in other domains such as 
a land base in a forward operating area or a ship at sea. Urban and rural areas in the civilian 
sector could also benefit from the implementation of SBC CIGS cells.  
A. FUTURE RESEARCH  
With the Puma operating in the high altitudes, it will absorb more radiation than 
objects at sea level. When more radiation is absorbed, defects are generated. In extreme 
cases, radiation can be given off when a weapon is detonated near the aircraft. The U.S. 
military has specific radiation requirements for electronic components that will be installed 
on aircraft. Luckily, Silvaco has radiation modules that can be used to test the solar cells 
(only Linux Red Hat Enterprise) [41]. Future research may conduct radiation hardening 
(Rad Hard) testing on the solar cells via the modules, in order to ensure that the aircraft 
would still operate after absorbing large radiation.  
In the fall of 2019, the Mechanical Engineering Department at NPS will be 
conducting experimental runs on their newly designed unmanned aerial vehicle (UAV) 
called the AQUAQUAD [42]. It is an aqua-copter that would be deployed from a U.S. 
Navy ship with the purpose of locating underwater contacts of interests. Unlike traditional 
sonobuoys, it can fly to a different location or maintain station using its propellers. It has a 
surface area of 0.300 m2, and is currently designed to use solar cells as an alternative source 
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of power. The battery and electrical equipment is still under development, but once 
complete, it will be ready for its test run. One goal would be to apply the new design on to 
the AQUAQUAD. 
Theoretically, the optimized SBC CIGS cell can achieve 26.72% efficiency, which 
leaves 3.72% of potential efficiency. Due to limited time and knowledge of Linux, the 
Silvaco optimization tool was not used. The goal would be to use the optimization tool in 
order to achieve CIGS’ highest efficiency. 
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